,o f_ the-window scenery using three video channels to provide a 150 degree field of view.
The cockpit provides pilot effectors to produce commands for the engine and airframe.
The simulation computer executes the engine and airframe physics models in real time.
Finally, the control system computer executes the integrated control design algorithms. A complete description of this simulation facility is given in reference [2].
Cockpit Configuration
Figure 2 outlines the cockpit configuration for the STOVL aircraft piloted simulation based on the STOVL task tailored control mode implementation study of reference [3] . From this study the sidestick controller acts as a rate command and attitude hold system for pitch and roll during transition flight. The throttle commands vertical flightpath angle and the rudder pedals command sideslip.
An additional cockpit effector, the thumbwheel, is located on the throttle. The thumbwheel commands acceleration and deceleration along the flightpath. Also from Figure 2 , two switches are shown on the sidestick controller. The mode switch controls the on/off logic of the ghost guidance symbol (which is discussed in a later section), and the trigger switch resets the simulation. Additional information on the establishment of cockpit effector gradients and deadbands for this simulation can be found in reference [2] .
Displays
The HUD symbology is shown in Figure 3 . The HUD is based on pilot vehicle research by Merrick, et ai. [4] In order to mimic this symbology without the use of an actual glass HUD, the symbology is generated and updated by the image generation computer and overlayed on the scenery on the projection screen.
The displays and scenery are modified to reflect an integrated engine and airframe control task, typical of a STOVL aircraft. The HUD symbology includes a moving pitch ladder, heading scale, and flight path marker to provide information on aircraft attitude with respect to the aircraft reference symbol. Additionally, aircraft parameters such as altitude, airspeed, forward acceleration, and vertical acceleration rates are displayed on either side of the HUD. Two moving carets on either side of the HUD are added to the symbology to indicate thumbwheel position and throttle position. Since there is no detent for the throttle or thumbwheel, these caret indicators allow the pilots to zero their acceleration or flightpath commands without looking down at their hands. Finally, the flight path angle, angle of attack, and sideslip angle are numerically displayed on the HUD. When the angle of attack (AOA) or airspeed limits are hit during the simulation, the AOA symbol or airspeed symbol illuminates red to signal a limitation. This symbology was implemented after several iterations of pilot comments and simulations prior to the final evaluation.
Ghost Guidance Logic
The pilots are also provided with vertical, lateral, and roll guidance logic in the form of a "ghost" guidance symbol included in the HUD symbology shown in Figure 3 .
This pilot activated symbol provides vertical and lateral guidance during an approach to the runway. The logic to implement this symbol is based upon the work performed by Merrick et. ai. described in reference [4].
The ghost guidance symbol is a white aircraftshaped symbol which moves vertically, horizontally, and rolls within the HUD. It is programmed to lead the pilot along a reference vertical flight path of-3.0 degrees to the runway and then level off over the center of the runway at a reference hover altitude of 82 feet.
The pilot tracks the ghost symbol by overlaying it with the flight path symbol. The lead distance, roll attitude, elevation angle (longitudinal), and azimuth angle (lateral), of the ghost symbol with respect to the actual aircraft is dependent upon several factors including the actual aircraft present position, orientation, and velocity as well as the position and attitude of the aircraft at the time of guidance logic activation.
If the pilot is performing a vertical tracking task (i.e. starting with a heading parallel and aligned with the runway), his workload will consist of adjusting the longitudinal flight path to overlay the guidance symbol. For a combined tracking task ( i.e. laterally offset from the runway), the pilot must make both longitudinal and lateral adjustments in flight path to track the ghost which flies a predefined curved path to the runway. The pilot activates the guidance logic by pressing a toggle switch located on the sidestick controller.
Pressing the same switch a second time will de-activate the logic and remove the ghost symbol from the HUD. The engine control subsystem acts on thrust commands from the longitudinal control system. The airframe trim schedules also provide thrust trim commands and gain scheduling variables to the engine subcontroller.
The engine subcontroller consists of the following four main sections: the fan speed schedule, the nominal engine controller, the safety and actuator limit logic, and the thrust estimator. The fan speed is scheduled as a function of the total commanded thrust.
The nominal engine controller maintains closed-loop control over fan speed and the three estimated engine limit conditions.
A second version of the thrust estimator is used to calculate thrust bounds based on the engine accel/decel schedule. These thrust bounds are fed back to the longitudinal controller actuator limit block to provide thrust command limits for the longitudinal controller.
Control Law Modifications
Initial piloted evaluations of the IFPC design in the real-time simulation environment uncovered some problems which had not been apparent in the non-real-time evaluation. One of the problems was a high frequency pitch oscillation during the decelerating maneuver. Shown in Figure 5 is the pitch attitude (0) response of the aircraft for a simulated pilot command of simultaneous flight path change of-3 degrees and deceleration command of 1.3 ft/s 2 (0.04 Gs). The solid line in Figure 5 corresponds to the nominal IFPC design and shows the high frequency pitch oscillation. An analysis of the timing diagram for the simulation facility in Reference
[2] indicated that there is significant time delay in the communication between the simulation computer and the control computer. The effect of this time delay on the system performance was modelled in the non-real-time simulation by incorporating a time delay of 20 ms both at the integrated airframe/engine plant inputs and at the outputs. With this addition of the time delay, the pitch oscillation could be duplicated in the nonreal-time simulation, indicating that the time delay was the cause of the oscillation.
Investigating the linear, integrated, closed-loop system at I00 Knots showed the existence of a high frequency, lightly-damped pitch mode. With the phase loss due to the time delay in the real-time simulation environment, the damping of this mode is further decreased resulting in the observed oscillatory behavior.
To improve the damping of the highfrequency pitch mode, the IFPC design was modified to include an additional constant gain feedback loop from the pitch rate error (eq) to the elevator (fie), i.e. A_e, = Keq* eq. Root locus analysis techniques were used to determine that a value of Keq = -0.3 deg/deg* s"1provides the most damping for the high frequency pitch mode without having any significant effect on the rest of the closed-loop pole locations. The realtime system pitch attitude response to the simulated pilot command with this modification is also shown in Figure 5 . In comparison to the nominal system, the modified system shows a well damped pitch response.
Another problem discovered during initial piloted simulations was a low frequency oscillation in the flight path (_,) response to flight path commands ('f_). This oscillation was severe around the 100 Knots flight condition, and the pilots commented that tight tracking of the vertical flightpath would result in pilotinduced oscillations. Shown in Figure 6(a) is the realtime system response to a simulated pilot command in flight path for the 100 Knot airspeed flight condition. This problem could not be duplicated in the non-realtime simulation even after the inclusion of the time delay. It was conjectured that the differences between the actual and estimated thrusts (estimated thrust is used in the control feedback while actual thrust is used as input to the airframe simulation), in combination with the time delay in the thrust feedback result in excitation of a low-frequency, lightly-damped vertical mode. The vertical damping of the closed-loop IFPC system was improved by adding a feedback loop from the flight path error (ey --_,o-_,)to the ejector thrust (FGE), i.e. AFGE c = Keyo ey. A value of Key = 200 Ibs/deg was selected for the 100 Knots condition by varying the gain in the real-time simulation and studying its effect on the response to flight path commands.
The gain Key was varied linearly with airspeed (V) for 80 < V _< 120 Knots, and Key = 0 outside this range.
As shown in Figure 6 (b), this modification results in an improved response to pilot commands in flight path command.
Other modifications to the IFPC, based on initial piloted evaluations, consisted of adding headinghold control logic and transient in-phase coupling in the pilot commands.
The nominal IFPC design provides a roll rate command/attitude hold response with automatic turn coordination.
When the pilot commands zero roll attitude (level flight condition), residual errors in the bank angle response result in heading deviation build-up because of the automatic turn coordination feature. Extensive logic was added to override the turn coordination feature for small (< 0.1 deg) roll attitude commands, and an additional feedback loop from heading angle error to the yaw RCS area actuator was provided to hold heading.
The IFPC system was designed to provide decoupled tracking of pilot commands.
However, some coupling in the transient response is unavoidable due to the limitations on control power and control rate. The nominal IFPC system tended to have out-ofphase coupling between the various responses, eg. flight path up command results in initial pitch down response. The pilots found such out-of-phase response The pilot assesses the coupling between the axes, and tests the independent control of lateral and vertical flight path. For the third task, abort and go around, the pilots expressed good capability of the control to perform both constant speed and constant acceleration wave-offs. The pilots were able to simultaneously command acceleration, climb, and roll without loss in performance.
There did exist noticeable coupling in flight path response to acceleration command. However, if the pilot did not stay in the loop to correct flightpath, then these oscillations damped out.
Although the pilots still found pitch deviations due to acceleration command to be objectionable, they were able to perform all the abort sequences without loss of stability or performance.
In the final task, general maneuverability, the pilots performed the large maneuvering tasks. During the command of large flight path changes (-6 to +4 degrees), the pilots commented on good velocity hold. 
